An ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) method was established for the simultaneous determination of residues of enilconazole, parconazole, thiabendazole and its metabolite, 5-hydroxythiabendazole, in chicken tissues including liver, muscle and egg. Homogenized samples were extracted by acetonitrile, concentrated and purified by an Oasis MCX solid-phase extraction cartridge. Analysis of the target drugs was performed by liquid chromatography with an UPLCTM BEH C18 column, coupled with a tandem mass spectrometry (UPLC-MS/MS) operating in the positive multiple-reaction mode (MRM). Good linearity was obtained at concentrations of 0.10 -100 μg kg -1
Introduction
In recent years, the issue of veterinary drug residues in animal-derived foods has become increasingly important in many countries. As the basis of market surveillance and surveying, a reliable analytical method for drug residues determination is therefore of great importance. However, currently reported analytical methods were mainly focused on anti-bacterial and antiparasitic drugs, while relatively little attention was paid to the antifungal aspects. [1] [2] [3] [4] [5] [6] [7] Antifungal drugs are medications used to treat or prevent fungal infections. Azoles are one type of the most commonly used veterinary antifungal drugs. Enilconazole, parconazole, and thiabendazole are registered veterinary drugs in poultry and birds breeding in many countries, 8 while thiabendazole is also an important benzimidazole class of parasiticide, with the main metabolite being 5-hydroxythiabendazole. Enilconazole possesses potent aspergillicidal activity not only by direct contact, but also in its vapour phase. It can be used for both topical treatment and hatcheries disinfection. 9 Parconazole (brand name Parcomyc) is an oral fungicide with broad-spectrum activity against dermatophytes, yests, and other fungi. Previous studies proved that these drugs might cause mitochondrial dysfunction, and are potential carcinogenics to mammals. To protect consumers from risks, the European Union has established maximum residue limits (MRL) of 100 μg kg -1 for thiabendazole, and 20 μg kg -1 for enilconazole in food of animal origin. 10, 11 As for the analytical method for enilconazole, parconazole, thiabendazole determination, liquid chromatography (LC) with UV or fluorescence detection, and LC mass spectrometry (LC-MS) were commonly used. [12] [13] [14] [15] [16] [17] [18] A gas chromatographic (GC) method has been introduced for the analysis of enilconazole in fruits. 19, 20 Navickiene et al. developed a simple and effective method based on matrix solid-phase dispersion and GC-MS to analyze enilconazole, and thiabendazole in mango and papaya. 21 A flow-injection electrospray ionization tandem mass spectrometry was used to determine these two drugs and o-phenylphenol in citrus, resulting in a fast analytical procedure (only 15 min). Several recently published papers reported on LC-MS methods for detecting the target in fruits. [22] [23] [24] LC-combined high-resolution TOF MS was applied to identify thiabendazole, enilconazole and its metabolies in apple, orange, lemon etc. [25] [26] [27] [28] Nevertheless, few studies have focused on the determination of these fungicides in food of animal origin. The objective of this work is to develop a method for the simultaneous determination of enilconazole, parconazole, thiabenazole and its metabolites, such as 5-hydroxythiabendazole, in chicken liver, muscle and egg.
Experimental

Reagents and materials
HPLC-grade methanol, acetonitrile and acetone were purchased from Fisher Scientific (Fair Lawn, NJ). Formic acid (HCOOH, 99%) was from Acros Organics (NJ). Ultra-pure water was produced by a Milli-Q Ultra pure system (Millipore, Bedford, MA). Thiabenazole and enilconazole were obtained from AccuStandard (New Haven, CT). Parconazole was purchased from Fitzgerald (MA). 5 
Blank samples and incurred samples
Blank samples and incurred samples were obtained from the hoggery at China Agricultural University (Beijing, China). The care and use procedures of animals in this study were approved by the Animal Experiment Committee at China Agriculture University.
Sample preparation
After homogenization, 2 g samples (chicken liver, muscle and egg) were placed into 50 mL centrifuge tubes and spiked with 100 μL of the working internal standard solution. Ten milliliters of acetonitrile was added to the sample. The mixture was vortexed for 2 min, and sonicated for 20 min. It was then centrifuged at 10000 rpm for 10 min at 4 C. The supernatant was transferred into another centrifuge tube and diluted with 10 mL of water. The aqueous solution was subjected to an MCX cartridge (60 mg, 3 mL) preconditioned sequentially with 3 mL of methanol and 3 mL of water. The cartridge was then washed with 3 mL of water and 3 mL of methanol, and subsequently eluted with 3 mL of methanol-ammonia (99:1, v/v). The eluate was dried under a gentle nitrogen stream, and then reconstituted to 1.0 mL with methanol-water (90:10, v/v) for LC-MS/MS analysis.
UPLC-MS/MS analysis
The analysis was carried out using an ACQUITY UPLC system coupled with a Xevo-TQ tandem mass spectrometer (Waters). The LC separation was based on a BEH C18 column (2.1 mm × 100 mm, 1.7 μm) at 40 C. The flow rate was 0.35 mL min -1 , and the injection volume was 5 μL. The initial composition of the mobile phase was 5% methanol and 95% water containing 0.1% formic acid. The phase of methanol was increased to 55% in the first 4.0 min, increased to 100% in another 1.5 min, kept for 1.0 min to wash the column, and finally returned to the initial composition in 1.0 min. The column was then equilibrated for 2 min before the next injection. As for the mass spectrometric acquisition, multiple-reaction monitoring (MRM) was conducted under the positive electrospray ionization mode. The eletrospray source block and the source temperature were both set to 100 C, whereas the desolvation gas temperature was 400 C. The desolvation gas and cone gas flow were held at 600 and 50 L h -1 , respectively. The capillary voltage and cone were 3.5 kV and 35 V, respectively. Ultra-pure argon (purity, 99.9%) was used as a collision gas with a flow of 0.10 mL min -1 .
Validation
The matrix effect was evaluated by the following strategy: the ratio between the peak area of the matrix-matched standard and the peak area of the standard solution at the same concentration, and representing 100%.
For evaluating of the recovery and precision, blank samples (liver, egg and muscle) were spiked at 0.5, 1 and 2 times of the MRLs and 2, 5 and 10 times of the LOQ (limits of quantification), respectively, in replicates of six. The precision was expressed by the percentage relative standard deviation (%RSD).
The decision limit (CCα) and the detection capability (CCβ) of the method were calculated according to the European Commission Decision 2002/657/EC. 
Results and Discussion
Optimization of LC-MS-MS
Injecting individual standards into a mass spectrometer under different mass scan modes was used to optimize the MS/MS parameters. According to the structures of the analytes, the positive mode was more favorable than the negative one. The precursor ion [M+H] + and two product ions were subsequently selected. The proposed fragmentation pathways for 4 drugs are shown in Fig. 1 Table 1 .
Two reversed-phase LC columns (ACQUITY BEH C18 column and BEH Shield RP18 column) were used for separating the target compounds.
Different mobile compositions (i.e., water-methanol, water-acetonitrile, water containing 0.1% formic acid-methanol, and water containing 0.1% formic acid-acetonitrile) were compared to achieve the maximal sensitivity and well-shaped peak. As a result, ACQUITY BEH C18 was the better one, which could achieve the higher response for the target drugs. The mobile-phase system using water containing formic acid-methanol could reslut in better chromatographic peaks than the others. This can be attributed to the fact that formic acid may increase the ionization of drugs. Then, the concentration of formic acid (0.01 and 0.1%) in water was optimized. As a result, 0.1% formic acid was a better concentration than 0.01% formic acid, especially for ploar drugs: 5-hydroxythiabendazole and thiabendazole. Thus, water containing 0.1% formic acid-methanol was used as the mobile phase. MRM chromatograms of target compounds at 5 μg kg -1 are shown in Fig. 2 .
Sample preparation
Chicken liver as a typical matrix was used to develop the method. For the target compounds 5-hydroxythiabendazole, thiabendazole, enilconazole and parconazole, the octanol-water partition coefficients (log Kow, calaulated by the EPI suite 3.11) were 1.52, 2.00, 3.41 and 5.29. The pKa values (calaulated by the ACD Lab 11.0) were 6.88, 6.74, 10.53 and 10.89, respectively. Considering the weakly basic nature and polarity of the target compounds, methanol, acetonitrile, acetone and ethyl acetate were firstly used as extractants for optimization.
As a result, acetonitrile was found to give better average recoveries (78.8 -101.0%) for the compounds than methanol (67.4 -71.7%), acetone (43.3 -72.3%) and ethyl acetate (37.5 -51.5%). Acetonitrile has a good solvating efficiency, because it can provide emulsion-free extraction for weakly basic target compounds in chicken tissue.
For the residual analysis of drugs in the foods matrix, the clean-up step was more important as the interference from the matrix, such as fat, which could affect the behavior of chromatograms and the signal intensity. In this study, solid phase extraction (SPE) was used to purify and concentrate the sample. According to the weakly basic nature and acidty of the target compounds, two cation ion exchange cartridges, Oasis MCX and Plexa PCX, were screened with respect to the recovery and matrix effect. The results indicated that the recoveries of the Oasis MCX cartridge (85.5 -118.4%) were better than that of Plexa PCX (65.6 -105.8%). Thus, the former was selected for sample clean-up. Loading solutions of the SPE was subsequently screened. Spiked acetonitrile extracts diluted with a) 10 mL of water, b) 10 mL of water containing 0.5% formic acid, c) 10 mL of water containing 2.0% formic acid, respectively, were subjected to a conditioned MCX cartridge. As a result, the recoveries of all 4 target compounds under three loading conditions are very similar. Thus, extracts only diluted with 10 mL of water prior to MCX were used due to its convenience. The ammonia concentration in the eluting solution was assessed from 0.1 to 5.0%. As shown, the recoveries of thiabendazole and 5-hydrothiabendazole increased from 83.5 to 93.3% with the ammonia concentration from 0.1 to 1.0%, and exhibited almost no change when the ammonia concentration was >1%. Since a higher concentration of ammonia in elute could induce more basic interferences in the sample solution, methanol:ammonia (99:1, v/v) was used in the elution for the MCX cartridge. 
Method validation
Isotope internal standard calibration is ideal for trace drug residue analysis in a complex matrix. However, it was hardly possible to obtain all isotopic standards for the target compounds in multi-component analysis. In this study, only thiabendazole-d4 was available. However, this internal standard was not appropriate for enilconazole and parconazole due to the significantly different matrix effect. Therefore, matrix-fortified calibration curves were established for these two drugs in order to compensate for the matrix effect and loss in the sample preparation. Isotopic internal labeled standards were used to calibrate thiabendazole and 5-hydroxythiabendazole. Acceptable linearity over 0.1 -100 μg kg -1 was obtained for all analytes with the regression coefficients r 2 > 0.99. The LOQs of 4 target compounds were 0.1 μg kg -1 . Six blank samples fortified at 0.5, 1.0 and 2.0 times MRL were used to evaluate the recoveries according to the procedure assumed by EU.
Additionally, the recoveries at low concentrations (0.2, 0.5 and 1.0 μg kg -1 ) were also assessed so as to ensure the accuracy at a low spiked level. As shown in Table 2 , the mean recoveries of each compound at 6 concentrations ranged from 93.6 to 119.5%. The reproducibilities of this method, represented by the percent of the relative standard deviation (RSD) at each fortification level for each compound, are also summarized in Table 2 , with values of <14.8%.
The intraday precision and interday precision were evaluated by spiking different samples at 0.2, 0.5 and 1 μg kg -1 in five replicates within one day and over the course of five consecutives days, respectively. The intraday precision ranged from 2.0 to 15.6%, and the interday precision ranged from 3.1 to 19.5% (Table 3) . The decision limit (CCα) means the limit at and above which it can be concluded with an error probability of what a sample is non-compliant. The detection capability (CCβ) means the smallest content of a substance that may be detected, identified and/or quantified in a sample with an error probability of β. 29 In this study, β was defined as 5%. The CCα and CCβ for the method are listed at 
Method application
More than 90 real samples, including 46 chicken muscle samples, 31 eggs and 16 liver samples, available from a country fair and a supermaret in Beijing, were analyzed using this developed method. Thiabendazole and 5-hydroxythiabendazole were detected in 2 chicken liver samples, with concentrations of , respectively. In contrast, the concentration levels of the two compounds in the hen muscle were much lower; thiabendazole was 9.5 -19.8 μg kg -1 and 5-hydrothiabendazole was 32.6 -60.7 μg kg -1 .
Conclusions
This paper presents a reliable analytical method based on SPE extraction and UPLC-MS/MS analysis for the simultaneous determination of thiabendazole, 5-hydrothiabendazole, enilconazole, parconazole in chicken tissue and egg. This method was demonstrated to have good linearity, accuracy and precision, and can be used in the routine analysis of chicken samples. 
